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ABSTRACT OF THE THESIS 
EMPLOYING LIMITED NEXT GENERATION SEQUENCE DATA FOR THE 
DEVELOPMENT OF GENETIC LOCI OF PHYLOGENETIC AND POPULATION 
GENETIC UTILITY 
by 
Lauren A. Evenstone 
Florida International University, 2015 
Miami, Florida 
Professor Jeffrey Wells, Major Professor 
Massively parallel high throughput sequencers are transforming the 
scientific research by reducing the cost and time necessary to sequence entire 
genomes. The goal of this project is to produce preliminary genome assemblies 
of calliphorid flies using Life Technologies’ Ion Torrent sequencing and Illumina’s 
MiSeq sequencing. I located, assembled, and annotated a novel mitochondrial 
genome for one such fly, the little studied Chrysomya pacifica that is central to 
one hypothesis about blow fly evolution. With sequencing data from Chrysomya 
megacephala, its forensically relevant sister species, much insight can be gained 
by alignments, sequence and protein analysis, and many more tools within the 
CLC Genomics Workbench software program. I present these analyses here of 
these recently diverged species. 
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1. INTRODUCTION 
As the cost of DNA sequencing declines, it has become possible to apply a 
genomics approach to a wide variety of research questions. Next Generation 
Sequencing (NGS) platforms generate massive amounts of data much quicker 
and for far less cost than traditional Sanger Sequencing (Quail et al.; 2012, 
Bradnam et al., 2013; Pettersson et al., 2009). The sequencing data produced 
can vary in depth of coverage as well as in the totality of the genome represented 
(Sims, 2014). The sequencing depth can reflect aspects of genome structure 
such as nucleotide content and repetitive stretches but also in characteristic 
weaknesses in the sequencing technologies (Quail et al., 2012).  
1.1 SEQUENCING 
1.1.1 SANGER SEQUENCING 
 The first large-scale genome reconstruction efforts used Sanger 
sequencing techniques. (Russell, 2006). By cutting up the genome into random, 
small fragments that are then amplified by cloning, a three billion base pair length 
genome like the human genome can be sequenced (www.sanger.ac.uk). At first, 
during what is often called manual sequencing, the sequencing reaction was 
carried out in four reaction tubes. Each tube contains DNA polymerase, a short 
primer, and the four deoxynucleoside triphosphates: deoxyadenosine 
triphosphate, deoxyguanosine triphosphate, deoxycytidine 
triphosphate, deoxythymidine triphosphate. The tubes differ in that in each one 
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type of the nucleotides exists in two forms.  One is a radioactively labeled 
dideoxynucleoside triphosphate (ddNTP) at a lower concentration than the 
dNTPs. The tubes are placed in a thermocycler for sequencing. The primer 
anneals to the single stranded DNA fragment. The DNA polymerase adds 
complementary dNTPs to elongate a new DNA strand. Through cyclical changes 
in temperature, the initial DNA fragments are primed, elongated, and denatured 
back to a single stranded conformation, eventually creating millions of copies. 
With Sanger Sequencing, sometimes the incorporated base is a labeled ddNTP 
instead of dNTP. The labeled base causes elongation to stop. Depending on 
where in the sequence the ddNTP is introduced, the fragment will be that much 
shorter than if the whole fragment was amplified. These varied length fragments 
are then separated electrophoretically by size. With each reaction tube producing 
radioactively tagged fragments for each ddNTP, these can be run on 
polyacrylimide gels in four lanes (method from Anderson et al., 2010). See the 
left side of Figure 1.1.1.1 for an example of a manual gel separation. A more 
recent version of this process uses fluorescently labeled ddNTPs, with a 
separate color for each base, so that only one sequencing reaction rather than 
four is used per sample. It is also much more common now to use PCR product 
rather than cloned DNA as the template for the sequencing reaction. 
Electrophoresis is now much more likely to be performed on a capillary rather 
than a gel-based instrument; this is an automated and more sensitive alternative 
to polyacrylamide gel electrophoresis. An example of Sanger Sequencing on 
capillary electrophoresis can be seen on the right side of Figure 1.1.1.1 
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FIGURE 1.1.1.1: EXAMPLES OF ELECTROPHORETIC SEPARATION OF SANGER 
SEQUENCING PRODUCTS 
 
 
Sanger Limitations 
The Sanger method is accurate but is time consuming and costly. The 
process is limited by the time necessary to clone these unknown fragments into 
vectors (Russell, 2006). Each fragment is on average 500-600 bases long. It took 
participants in the Human Genome Project years and millions of dollars to 
assemble one genome (Wetterstrand, 2014). In the graphs below, the years 
2001 to 2007 refer to genome sequencing costs using Sanger Sequencing. The 
cost for supplies and labor in Sanger sequencing limited the field of genomics. 
Also, Sanger Sequencing is not sensitive enough for detection of clinically 
relevant low-level mutant somatic alleles or organisms (Anderson et al., 2010). 
The left side shows a simulated 
polyacrylamide gel. The right side 
shows the same simulation as output 
from capillary electrophoresis. 
 
(Image:http://upload.wikimedia.org/wiki
pedia/commons/3/3d/Radioactive_Flu
orescent_Seq.jpg)  
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 New technologies offer speed and more extensive coverage than the 
traditional method, and are quickly replaced it in most genomic applications. 
FIGURE 1.1.1.2: COST OF GENOME SEQUENCING 
 
Cost (log) per 1 million bases and cost per genome during the Human Genome 
Project. Sanger Sequencing used until 2007. Next Generation Technologies 
used after 2007. (Wetterstrand, 2014) 
   
1.1.2 ION TORRENT PGM 
Ion Torrent Library Preparation 
 The Florida International University’s DNA Core, run by Dr. Paul Sharp, 
provides sequencing services to campus and community research groups. 
Although members of my laboratory extracted the four different specimens’ 
genomic DNA, all steps in the process of sequencing were performed by Dr. 
Sharp. All reagents mentioned are proprietary and their contents are not 
available. A schematic of the workflow can be found in Figure 1.1.2.1. 
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FIGURE 1.1.2.1: WORKFLOW FOR ION TORRENT LIBRARY PREPARATION
 
(Image: lifetechnologies.com) 
 
 Ion Torrent is a voltage based sequencer. The extracted genomic DNA is 
enzymatically sheared using Life Technologies’ Ion Shear Enzyme Mix. The 
reaction is contained and controlled by adding Ion Shear Buffer to halt the 
reaction. The fragments are then purified using Agencourt AMPure XP magnetic 
beads. The fragments adhere to the beads and are washed in ethanol to remove 
any potential contaminants such as the Ion Shear enzymes. The fragments are 
removed via the addition of a low TE buffer. The supernatant containing the 
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fragments was injected into an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA) to determine the size after shearing and purification.  
The ends are repaired and ligated with the two adapters, A and P1. The A 
adapter has a biotinylated motif that will be used to attach the fragment to the 
streptavidin beads in a later step. The P1 adapter will attach to the Ion Sphere 
Particles used in sequencing. An additional barcode sequence can be 
incorporated as well. This barcode would be of benefit to those wishing to 
sequence more than one individual on the same chip (chip to be discussed later). 
The barcodes would be used to sort the subsequent sequencing reads into each 
individual. Barcoding was not used in my samples as each specimen had its own 
chip. Also during the adapter ligation step, nick ends are prevented because both 
ends of the sequence are now composed of adapters.  
The ligation step is followed by another purification step which is identical 
to the first purification step discussed above. The prepared library was run on an 
agarose gel with a size ladder. The target length of around 480bp (400 bp new 
sample sequence plus 80 bp adapters).was excised from the gel, and the 
agarose was removed.  
 The Ion Torrent One Touch ES is a robotic pipetting system that adds the 
proprietary reagents in a precise manner. This system ensures that no pipetting 
errors occur and also that extremely accurate amounts of the reagents are added 
to the solution. The prepared library is then transferred to the Ion Torrent One 
Touch 2. Here, the library will be introduced to the Ion Sphere Particles (ISPs) 
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that will be the solid substrate for sequencing. In theory, one sequence will attach 
to each ISP. As can be seen in Table 3.2.1, some beads end up with more than 
one sequence. These beads follow a serpentine path through a channel based 
emulsion PCR. Here, the location within the path will determine what temperature 
the ISPs are subjected to, and what aspect of a normal PCR cycle they are in: 
denaturation, annealing, and elongation. Following an initial five minutes at 95°C 
for denaturing, the cycle runs as such: denature 15 seconds at 95°C, anneal 15 
seconds at 58°C, extend one minute at 70°C, and a final hold temperature of 
4°C. In total, nine cycles occur where each ISP becomes covered in identical 
sequences. A third purification step is then performed and the fragment lengths 
are again checked on the Bioanalyzer.  
Ion Torrent Sequencing 
 The solution of ISPs containing my library was inserted into a specialized 
syringe used to introduce the spheres to the microchip. Ion Torrent uses 
complementary metal-oxide semiconductor (CMOS) chips that contain millions of 
microscopic wells. Though many models are available, The DNA Core chose the 
318 which contains 13 million wells. Within each well, an ISP is deposited. Each 
well acts as a separate sequencer and contains its own voltage sensor. The 
wells have small pores in the bottom, below the sensor, that serve to drain the 
various wash fluids. A detailed schematic of the CMOS chip can be found in 
Figure 1.1.2.2. The chip is inserted into the Ion Torrent Personal Genome 
Machine (PGM).  
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independently of all others providing a massively parallel sequencing system that 
takes only a couple hours (Quail et al., 2012).  
Output reads from each of the runs were analyzed by the Ion Torrent 
Software. Some reads were eliminated because of their lower PHRED score. 
The P represents the base-calling error probability. The log relationship creates 
the Q or PHRED score. The equation is available below, equation (1).   
(1)            
As an example, a score of 20 would indicate that there is a 1 in 100 chance that 
a base was called incorrectly, i.e. a 99% correct. In a survey of different 
sequencing platforms, Quail et al. (2012) found the average error rate for Ion 
Torrent PGM is 1.71%. The Ion Torrent software chose to eliminate 16.9-20.6% 
of the reads generated because of an unspecified quality threshold. The software 
also removed reads from wells that contained polyclonal ISPs which contain 
more than one initial sequence. In the end, 57.3-62.1% of the sequences were 
available. See Table 3.2.1 for the output values for each specimen. The final 
average read length of the raw data was around 250 and was much shorter than 
the anticipated 400 bases. The reads are single end reads. Other technologies 
offer paired end reads which uses a predetermined sequence length and 
sequences it from both ends. The imbedded metadata within the sequences 
provides insight into the distance between paired ends and offers more 
information on how these reads are to be assembled.  
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1.1.3 ILLUMINA MISEQ 
Illumina MiSeq Library Preparation 
 All library preparation and sequencing was performed by the North 
Carolina State University Genomics Lab. Figure 1.1.3.1 shows the process of 
bridge amplification to create clusters of double-stranded DNA fragments.  
 The genomic DNA is fragmented and adaptors are attached to the ends: 
each end with a different adaptor. The fragments are washed over the flow cell 
which contains a lawn of oligonucleotides that complement the adaptors which 
causes the fragments to anchor at these points. During bridge amplification, the 
fragments bend down and anchor the other adaptor the as well. The system 
provides dNTPs to elongate a complementary sequence. The double stranded 
fragment is denatured, and the process repeats. This process eventually forms 
clusters of identical fragments that will later be sequenced.  
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FIGURE 1.1.3.1: SCHEMATIC OF LIBRARY PREPARATION AND BRIDGE AMPLIFICATION 
 
(Image: illumina.com) 
 
Illumina MiSeq Sequencing 
 The flow cell, with the attached clusters of amplified sequences, is washed 
with all four fluorescent dNTPs, primers, and enzymes. The primers adhere to 
the unattached end of the fragments. Depending on the sequence of the specific 
cluster, one of the four dNTPs will attach to the sequence adjacent to the newly 
bound primer. Using a laser to excite the dNTPs, each cluster will fluoresce one 
12 
 
of four colors, and the colors will be recorded by the imaging software. The 
fluorescent label is then removed from the base. All four dNTPs are again 
washed over the flow cell and the cycle repeats itself. See Figure 1.1.3.2 
 
FIGURE 1.1.3.2: SCHEMATIC OF REVERSE TERMINATOR CHEMISTRY AND TECHNOLOGY  
  
(Image: illumina.com) 
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Illumina Limitations 
 The Illumina sequencing platform can sequence a massive amount of 
DNA fragments at the same time. This technology, however, depends on the 
visualization of the different colonies of amplified reads. The need for a charged 
coupled device (CCD) camera can increase sequencing time (Rothberg et al., 
2011). The system must excite the fluorescent tags on the freshly incorporated 
bases, and then record what color is emitted at each of the thousands of 
colonies. The Ion Torrent system uses voltage fluctuations and CMOS chips that 
have preset well locations. The Illumina flow cell has a lawn of adapter ends that 
attach to the DNA fragments. The resulting clusters from the amplification 
process are randomly dispersed across the flow cell. This lack of organization 
may impede on efficiency of the CCD camera to locate and record each 
incorporation. 
1.2 CLC GENOMICS WORKBENCH 
Downstream analysis of NGS data can be hindered by the computational 
capacity necessary to assess the magnitude of data produced in massively 
parallel processing. Both platforms employed in the current project produce 
millions of reads with an average length of about 250 bases. These reads contain 
repetitive motifs and some sequencing errors. In the absence of a reference 
genome, the De novo assembly algorithm in CLC Genomics Workbench was 
employed.  
14 
 
De novo Assembly 
 The CLC Genomics Workbench uses a De Bruijn algorithm to assemble 
the short reads generated from NGS into long contiguous sequences called 
contigs. Within the analysis parameters, the word size and bubble size can be 
modified and optimized to each assembly. The word size refers to the minimum 
length of sequence that must overlap between reads. The word window shifts 
along the overlapped sequences. If overlapping reads diverge in sequence, 
caused by either sequencing errors or the presence of a heterozygous single 
nucleotide repeat (SNP), a bubble is created. See Figure 1.2.1. The program 
creates a path from the reads and these paths become the contigs. The second 
stage maps the same reads back to the newly formed contigs.  
FIGURE 1.2.1: A BUBBLE CAUSED BY A HETEROZYGOUS SNP OR A SEQUENCING ERROR. 
 
(Image: CLCbio.com) 
Illumina MiSeq uses paired end technology. Paired end sequencing uses 
much longer initial fragments. By sequencing the first and last 250 base pairs 
and incorporating metadata into these reads, the sequencer produces more 
information spanning longer distances than simple single end reads (Quail et al., 
2012). The assembly software assesses both paired end read sequences along 
with the information regarding the size of the gap that separates them and their 
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orientation with regards to one another.  This is illustrated in Figure 1.2.2. The 
gap is represented as an arch connecting the two reads. When used in 
conjunction with the millions of other paired end reads produced in sequencing, 
large stretches of the genome can be organized. The three sections, A, B, and C, 
in Figure 1.2.2 show how only a few of these pairs (below) correlate to the reads 
necessary to construct the same sequence with single end reads. The green 
numbered sequence in Figure 1.2.2 is a schematic of regions in the genome.  
The single end reads created using the Ion Torrent PGM platform offer 
less information in each read than Illumina’s MiSeq paired end reads.  
FIGURE 1.2.2: ILLUSTRATION OF PAIRED END READS AND SINGLE END READS
  
Assembling and annotating a nearly complete reference genome has often 
involved large scale collaboration between several research groups.  For 
example the giant panda (Ailuropoda melanoleura) genome was sequenced, 
Three different schema illustrating 
how paired end reads (depicted 
as two flat lines-the sequenced 
reads- connected by an arch) . 
The green numbered boxes 
represent the unknown coding 
region in the sequence. Each 
image uses 2-3 pairs of paired 
end reads. Above the green 
boxes, single end reads are 
overlapped in an attempt to 
demonstrate how assembly differs 
between these two types of 
sequencing reads. (image: 
fluxcapacitor.wikidot.com) 
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assembled, and published via the cooperation of 26 laboratories (Li et al., 2010). 
However NGS technology can also make it easier for one or a small group of 
scientists to undertake more limited and less costly projects than the large 
genome projects. In other words an incomplete assembly with relatively little 
coverage can be explored for genes and their regulatory units. One application of 
this approach is to target a locus with high copy number because it will show 
substantial coverage, and can therefore be easily identified and assembled, even 
with a small data set. One can also use existing sequence information, e.g., from 
a closely related species, to search genome fragments for a locus of interest.  I 
consider the possible utility of both approaches for advancing our knowledge of 
carrion flies in the genus Chrysomya. 
1.3 Chrysomya 
Chrysomya megacephala was once thought to exist as both a normal form 
and derived form. The normal form was found in dark, densely forested areas of 
Pacific Island nations. The derived form adapted to disturbed ecosystems that 
increase agricultural output for local peoples (Kurahashi, 1982). The derived form 
adapted to live not only in secondary forests and in the burned down shadows of 
former forest, but evolved to survive and thrive in urban settings alongside 
humans (Kurahashi, 1982). We now call the normal form Chrysomya pacifica and 
the derived form Chrysomya megacephala (Bharti & Kurahashi, 2009). While C. 
pacifica remains in the forested areas of islands to the east of Papua New 
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Guinea, the urbanized sister species C. megacephala has spread to Australia, 
mainland Asia, Africa, South America, and North America (Wells, 1991). 
The two species likely diverged in New Guinea within the last 5,000 years 
(Kurahashi, 1982; Jeffrey Wells, unpublished data). Agriculture in this region 
began roughly 9,000 years ago with widespread deforestation practices by 
around 4,000 years ago (Powell, 1982). This time frame allows for more than 
100,000 generations to occur within the C. megacephala population (Jeffrey 
Wells, unpublished data).  
 Chrysomya females usually deposit their eggs on carrion or less often on 
a live animal (Norris, 1965). Some species, including C. megacephala, are also 
highly attracted to both human waste and human food, and they are a vector of 
enteric diseases (Wells, 1991). Because the larvae develop on human corpses in 
predictable manner they are part of a forensic entomologist’s toolbox for defining 
some portion of the post mortem interval.  
 Scientific investigation of Chrysomya would be aided by several kinds of 
genomic information.  One would be the sequence of entire mitochondrial DNA 
(mtDNA) molecules. mtDNA is the locus of choice for identifying forensic insect 
evidence (Wells and Stevens, 2008), but this usually involves only short regions 
that may fail to resolve close relatives (e.g., Wells et al. 2007).  Short mtDNA 
regions have also been used for pure phylogenetic analysis, but resolving deeper 
divergences has also required labor intensive development of nuclear loci (e.g., 
Singh and Wells 2011). It may be, however, that phylogenetic analysis of the 
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complete protein coding mtDNA sequence can work as well as one using nuclear 
DNA (Cameron et al. 2007).  Another need is for more and better population 
genetic tools for forensically important flies such as C. megacephala (Wells and 
Steven 2008).  Although some work has focused on amplified fragment length 
polymorphism (Bao and Wells 2014), it would be useful to have Mendelian 
genotypes such as microsatellites (Vasquez et al., 2000; Ellegren, 2004; 
Farncombe et al., 2014). The purpose of your study was to use a relatively small 
amount of NGS to develop new population genetic tools and data to assemble 
the mitochondrial DNA molecule.  
2. SEQUENCING  
2.1 ION TORRENT PGM  
Genomic Extraction: Specimens 
 Chrysomya pacifica was caught by Dr. Jeffrey Wells on the island of New 
Britain in 1995. The whole fly was stored in 95% ethanol for around 6 months 
before extraction (Jeffrey Wells, personal communication). Chrysomya 
megacephala was caught in Southern Florida, USA by Josh Smith in 2013. They 
were also stored in 95% ethanol before extraction (Josh Smith, personal 
communication). All specimens were identified using morphology (Wells & 
Kurahashi, 1996). 
Genomic Extraction: Methods 
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Chrysomya pacifica DNA was extracted from thoracic tissue using the 
phenol chloroform method.  The whole genomic DNA was stored in -80°C freezer 
until 2014 (Jeffrey Wells, personal communication). The C. megacephala DNA 
samples were extracted using Qiagen’s DNEasy Kit with samples derived from 
the abdominal tissue (Josh Smith, personal communication).  
Results 
 The loading, quality, and polyclonal issues represented in Table 2.1.1 
affected the yield and Ion Torrent PGM produced roughly 4.7 million reads. In 
theory, the 318 chip can produce 1.2 – 2 gigabases (Gb) (LifeTechnologies.com). 
Only 40.0-43.5% of the wells yielded usable reads. During subsequent data 
analysis, I applied a trimming algorithm to the raw reads on the basis of a 
PHRED score of 20 and ambiguity. For the ambiguity trim, I had the software 
remove all sequences that contained more than two consecutive ambiguous 
bases or Ns. This step further trimmed around 95% of the reads, thereby 
removing some of the reads and shortening the vast majority that remained. The 
analysis will be discussed later in this section.  
2) Total Number of Reads used in Assembly * Average Length of Reads 
Expected Genome Size of the Organism 
 
 Although no nuclear reference genome exists for neither Chrysomya 
megacephala nor C. pacifica, the size is likely around 650 million bases like other 
Chrysomya species (Picard et al., 2012). If this is the case, the average coverage
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TABLE 2.1.1: OUTPUT INFORMATION ON SUCCESSFUL CMOS WELL USAGE 
 Input DNA quantification from Qubit in FIU DNA Core. 
Specimen Input 
(ng/μL) 
Loaded 
Wells 
(%) 
Poly-
clonal 
Wells 
Quality Usable 
ISPs 
(%) 
Total 
Wells 
(%) 
Reads 
Generated
Mean 
Read 
Length
Median 
Read 
Length 
Mode 
Read 
Length
38 
Chrysomya 
pacifica 
9.4 70.3 21.0 16.9 62.1 43.5 4,916,088 278bp 306bp 379bp 
39 
Chrysomya 
pacifica 
9.8 70.8 21.0 19.1 59.9 41.7 4,717,429 269bp 281bp 393bp 
40 
Chrysomya 
megacephal
a 
9.9 70.3 23.3 19.3 57.3 40 4,542,261 291bp 338bp 383bp 
41 
Chrysomya 
megacephal
a 
6.1 68.0 17.4 20.6 62.0 42 4,749,663 298bp 342bp 380bp 
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achieved by the Ion Torrent sequencing was around three fold (1.3 billion bases 
on average for each sample). Equation (2) above shows how to estimate the 
depth of coverage.      
Most published reference genomes contain at least thirty-fold coverage (Li 
et al., 2010; Sims, 2014).  For the Chrysomya genus, one hundred fold coverage 
would require 650Gb of outputted sequencing data. The determination of a three-
fold coverage suggests that the whole genome was characterized. In fact, the 
mitochondrial genome was overrepresented at more than one thousand fold 
coverage. 
Ion Torrent is known for its inability to sequence homopolymer tracts (i.e. 
AAAAAAAA). Sequence error rates rise dramatically after the seventh identical 
base incorporation (Quail et al., 2012). After seven, the system failed to correctly 
include the proper amount of identical bases. It is as if it loses count of the 
homopolymers.  
  
2.2 ILLUMINA MISEQ 
Genomic Extraction: Specimens 
Two Chrysomya megacephala specimens were dissected and tissue from the 
head and abdomen was removed. On August 4th, 2014 Fanchen Bao and I 
dissected the specimen. The flies were caught in Southern Florida by Bao. They 
were classified by species and sex by morphology (Wells and Kurahashi, 1996). 
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Genomic Extraction: Method 
The C. megacephala were extracted using Qiagen’s DNEasy Kit with 
samples derived from the abdominal tissue  
Results 
 The two genomic extractions were pooled in two MiSeq lanes on a flow 
cell and each yielded over 17 million raw sequencing reads. 
2.3 CLC GENOMICS WORKBENCH ASSEMBLY 
There are several values used to determine the quality of the assembly. 
First, the report shows how many contigs were generated. In theory, the number 
of contigs should be the number of chromosomes. In reality, the goal is to have a 
low number of contigs. There are several reasons why more contigs than 
chromosomes will be produced. Contamination from bacteria during library 
preparation can digest portions of the genome (Alkan et al., 2010). The same 
contamination may produce extra reads from the bacterial genome. This is the 
case for several of the contigs produced in all the assemblies: bacterial genomic 
contributions from the Wolbachia genus were identified during BLAST searches 
of the contigs. Areas that are AT rich are notoriously difficult for all sequencers, 
especially Ion Torrent, and may not get sequenced (Quail et al.¸2012). Accurate 
sequencing reads with lower PHRED scores can be removed during the several 
trimming steps. All of these issues can hinder the assembly of whole 
chromosomes.  
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 The most commonly used metric for assembly quality is the N50 value. 
CLC describes N50 as “the smallest of the largest contigs covering 50% of the 
total size of the contigs” (clcbio.com). The value provides more information than 
an average contig size and is a reliable piece of data used in bioinformatics 
(Cattonaro et al., 2010; El-Metwally et al., 2013). The N50 values for assemblies 
created with the Ion Torrent PGM sequencing data ranged from 568-607 and the 
values with Illumina MiSeq data were 1137 and 1143. The values indicate that 
the de novo assemblies created with Illumina data were of higher quality than 
those made with Ion Torrent data. The Illumina data also show relatively fewer 
contigs when the number of reads used is considered. The Illumina output was 
about 15 million reads which were used to create about 445,000 contigs. The Ion 
Torrent output was less than five million reads and yet around 245,000 contigs 
were created. However, both assemblies produced a large amount of contigs, 
indicating any or all of the aforementioned issues could be at fault. If the number 
of contigs had been much smaller, it would be possible to manually edit the 
contigs into a more concise assembly.  Table 2.3.1 shows the metrics for all six 
assemblies.  
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TABLE 2.3.1: ASSEMBLY SUMMARY REPORT METRICS 
  Total 
reads 
Reads 
match 
Contigs N50 Min 
Length 
Max 
Length 
Average 
Length 
Total 
bases 
Ion 
Torren
t PGM 
38 4910753 3798555 241624 607 17 149351 565 136564028
 39 3905635 2982593 216207 568 42 149281 534 115442799
 40 4565304 3417447 246071 607 17 149311 565 139007495
 41 4745567 3702114 279274 620 15 149311 574 158467461
Illumin
a 
MiSeq 
42 16991702 15753778 443717 1143 200 112165 790 350575382
 43 16330718 14940015 446563 1137 200 112060 784 350199412
1: The longest contigs from the Ion Torrent PGM assemblies represent the vast majority of the mitochondrial genome. 
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3. MICROSATELLITES 
3.1 MSATCOMMANDER 
I utilized two approaches: MsatCommander software, where I specified 
only the type of repeat such as dinucleotide, trinucleotide, and tetranucleotide 
(https://code.google.com/p /msatcommander/), and CLC Bio Genomics 
Workbench, where I searched each contig for specific repeat motifs such as AAC 
or ATGG. The MsatCommander is an open source software program made 
available through research by Faircloth (2008).  It searches inputted FASTA files 
for the user selected repeat options. See Figure 3.1.1. It uses Primer 3 software 
to develop the primers offered in the Primer Design option (Rozen & Skaletsky, 
1999).  
FIGURE 3.1.1: MSATCOMMANDER INTERFACE
 
(Image: Lauren Evenstone) 
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The software creates separated text files showing the sequence within the given 
contig. The sequence is annotated with the best options for forward and reverse 
primers, the repeat motif the primers define, and the amplification parameters 
necessary for a successful PCR. Each file also contains lesser options for the 
primer set. By analyzing the primers and the proposed amplicon, the software 
gives the suggested annealing temperature as well as any issues with self-
complementarity that would impede proper amplification. Often, the repeat motif 
would not be an exact motif. As an example, CAACAACAACAACAA would be 
CAA repeated 5 times. Some of the results from using MSAT Commander had 
deviations such as is found in Figure 3.1.2. 
FIGURE 3.1.2: EXAMPLE OF MSATCOMMANDER PRIMER 3 OUTPUT. 
Using mispriming library misprime_lib_weight 
Using 0-based sequence positions 
OLIGO            start  len      tm     gc%   any    3'   rep seq 
LEFT PRIMER       1899   23   60.14   47.83  4.00  2.00  6.70 
TGATAAGACCTCTAGTGCAGAGC 
RIGHT PRIMER      2142   21   58.29   47.62  5.00  2.00  5.36 
TGTACTGGCAGGAATATGAGC 
SEQUENCE SIZE: 2200 
INCLUDED REGION SIZE: 2200 
 
PRODUCT SIZE: 244, PAIR ANY COMPL: 5.00, PAIR 3' COMPL: 2.00 
TARGETS (start, len)*: 2080,35 
 
 
 1860 AATGGATCTAAATATGTTGACCAAACATTTAAGTGAATTTGATAAGACCTCTAGTGCAGA 
                                             >>>>>>>>>>>>>>>>>>>>> 
 
 1920 GCTTAAACCAATTATGGAGCAGCTGAAAAACACAACACTTGACTTGCAATTTGAAACAAG 
      >>                                                           
 
 1980 ACCTATAGCTTCTATGGCCTCACATGTTTTAATAAATGAAGATGACAAAGACAAGCAAAG 
                                                                   
 
 2040 GCAAAAAGCATACAAATCAGAAACAGCTAAAACACCTACAGCACCACCACCTCCTCCTCC 
                                              ******************** 
 
 2100 TCCTCCGCCACCTCCACCACCTGCTCATATTCCTGCCAGTACAATGCTTAAACAAAGCAA 
      ***************       <<<<<<<<<<<<<<<<<<<<<                  
 
 2160 ACAAGAAAAACCAAAAGACCATCATCATCCTCAACATGTA
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In this example, a CCT trinucleotide repeat, labeled with asterisks below the 
sequence, contains more than just CCT repeats. The sequence with forward 
facing arrows beneath it is the forward or left primer and the other with backward 
arrows is the reverse or right primer. The program provides location information, 
melting temperature (Tm), GC content, sequence length, and scores for self-
complementarity for the primers. 
3.2 CLC GENOMICS WORKSHOP  
 Using published information on insect microsatellites, I searched for the 
various motifs that have been successful with C. megacephala as well as other 
members of the family Calliphoridae (Florin & Gyllenstrand, 2002; He et al., 
2007; Torres et al., 2008; Chong et al., 2014; Farncombe et al., 2014).  The CLC 
also uses Primer 3 parameters to determine possible primer pairs, their 
annealing temperatures, GC content, and self-complementarity. Another 
similarity between the MsatCommander and the CLC is that both determine the 
primer pairs on the basis of individual contig information. The primers, however, 
are intended to be used on more than one individual and should only prime one 
location in the genome. Using CLC, I aggregated all contigs for all four C. 
megacephala and both C. pacifica for each repeat motif. I aligned the repeat 
sequences and designed primers in the flanking regions that would only amplify 
once per individual. That is to say that the primer pair sequences only appeared 
in one contig per specimen, or within a realistic amplifiable distance. Any contigs 
that contained both primers in the correct order were considered. The proposed 
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amplicon should be longer than 50bp (to prevent confusion with possible primer 
dimers) and shorter than 500bp. The maximum length was inferred from the 
short cycle length of the thermocycler. Cycle information and amplicon lengths 
will be discussed in PCR Protocol Development. Amplification results are shown 
in Appendix A and discussed later. Any product outside of the size range was 
disregarded.  
The primer design portion of my project used only the Ion Torrent 
sequencing data as it was done before the Illumina MiSeq data were obtained. 
Later analysis on the Illumina data showed that the repeat motifs initially chosen 
were highly representative.  
Aside from traditional STR loci, I also created Inter Simple Sequence 
Repeat (ISSR) markers.  Research by Chong et al. (2014) suggested that since 
the Chrysomya genomes tend to be highly repetitive, using the repeat motif as 
the priming region could create reliable polymorphic loci. These markers would 
again only be counted if the resulting amplicon was longer than 50 and shorter 
than 500 base pairs long. The minimum length was especially important in the 
ISSR primer sets since the chance of primer dimer formation is inherently higher.  
The primer sets I designed can be found in Table 3.2.1.  
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TABLE 3.2.1: PRIMER SETS WITH OBSERVED AND EXPECTED SIZE RANGES 
 
Primer 
Name α 
Primer Sequence (5’-3’) Tm 
(°C) 
Representive 
amplicon(bp) β  
Observed 
range (bp) γ  
Expected 
range (bp) δ 
Motif 
40-
10017S 
F:GAAGAGCAGAACGAGAAA 49.3 93 ~150 290 (AAAT)n 
 R:ACCTACTACTATCTCTACC 46.0 
 
    
40-
39693I 
F:CCAACACAAACAACAACAA
C 
50.8 234 ~75, ~250 - AAC 
 R:CTGTTGTGGTTGTTGTTGT 51.2     
40-
15840S 
F:CACCCCATCAATTACAAC 48.2 97 ~75-150 82-97 (AAC)n 
 R:CGACTAAAACCTACTTCAA
C 
48.3     
40-
39693S 
F:AGAAATAAACAGGGCGCA 52.0 290 ~315 213-239 (AAC)n 
 R:TGATGGTGGTGTGTTTTG 
 
50.5     
38-
7057I 
F:GTTGTTGTTGTTGTTGTCC 
 
50.0 423 ~75, ~150 - AAC 
 R:GAACAACAACAACAACCG 
 
49.7     
38-
28185I 
F:CAAGAACAACAACAACC 50.3 115 ~75,~150, 
~300 
- AAC 
 R:GTTGTTGTTGTTGTTGTTG
C 
51.3     
α: S indicates an STR primer set where the primers flank a microsatellite locus. I indicates an ISSR primer where the primers are the repeat 
motifs. β: Representative repeat amplicon determined from Primer 3 analysis in CLC Bio. The specific contig that contained this amplicon is 
coded in the primer name (specimen 40, contig 10017, e.g.). γ: Observed following gel electrophoresis on 1% agarose (SeaChem) or 3% 
MetaPhor.  δ: Lengths represented here are from searching all sequencing data for contigs that contain both forward and reverse primers. 
ISSR Primer sets were not included in expected range size as the unknown variable is the length of sequence between two microsatellites. F: 
Forward. R: Reverse.
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3.3 PCR DEVELOPMENT 
Methods 
 I began with the concentrations suggested by the Promega PCR Master 
Mix protocol which are shown in Table 3.3.1. 
TABLE 3.3.1: SUGGESTED CONCENTRATION AND VOLUMES FOR PCR MASTER MIX 
 Concentration Hypothetical 
Volume (25 μL 
total) 
Actual Volume 
(25 μL total) 
PCR Master 
Mix 
1x 12.5 12.5 
Primer 1 0.25-1.0 uM 0.5-2.5 2.5 
Primer 2 0.25-1.0 uM 0.5-2.5 2.5 
PCR Grade 
Water 
Variable Variable 5.5 
Input DNA <250 ng 1-5 2 
(Source: www.promega.com) 
 
The wild caught samples came from extractions performed by Fanchen Bao 
using the Qiagen DNEasy Blood and Tissue Kit. In sets of five samples, I 
prepared and amplified 76 samples using six different primer pairs in singleplex 
reactions, 486 reactions in total including the negative controls. Thirteen of these 
sets were run electrophoretically on 1% SeaChem agarose gels. I manipulated 
the concentrations of the components. The ingredients and their volumes for 
each attempted reaction mix can be found in Table 3.3.2. . The final set included 
eight samples and two blanks using only two of the primer pairs and was run on 
an ABI Prism 3130 Capillary electrophoresis (Applied BioSystems).  
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TABLE 3.3.2: PCR MASTER MIX RECIPES 
 S1 (μL) S4 (μL) S5 (μL) S12 (μL) 
Master Mix 12.5 12.5 14 13 
Primer 1 2.5 2.5 3.0 3 
Primer 2 2.5 2.5 3.0 3 
PCR Grade Water 5.5 4 2 2.5 
Input DNA 2 3.5 3 3.5 
 
Amplification did occur for every reaction mix. However, not all primer pairs 
worked for each recipe. The thermocycler’s stages, temperatures, and length of 
stages of the cycles can be found in Table 5.3.3 below (Labnet 
MultiGene Gradient PCR Thermal Cycler). 
TABLE 3.3.3: THERMOCYCLER SPECIFICATIONS 
  25 cycles   
 Initial  Denature Anneal Extend Final Hold 
Temperature 
(C) 
94 94 46-52* 72 72 4 
Time 5 min 30 sec 30 sec 30 sec 10 min ∞ 
*The annealing temperature differed between the 12 rows in a gradient from 
46°C to 52°C.  
Since the primer pairs had a range of annealing temperatures, the 
gradient feature was used on the thermocycler. The twelve different rows were 
programmed to be different temperatures during the annealing stage of the 
cycles. The reaction tubes were positioned beforehand in the rows where their 
lowest annealing temperature would occur. The temperature in the gradient and 
the positioning of the primers can be found in Table 3.3.4. The thermocycler has 
twelve rows of eight wells. Primer sets that were placed into rows with slighter 
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higher than optimal annealing temperatures amplified just as consistently as 
those positioned in lower than optimal or optimal temperatures.  
TABLE 3.3.4: POSITIONING OF THE SINGLEPLEX REACTIONS WITHIN THE THERMOCYCLER 
Primer Pair Row Temp. (c) Lower Tm* 
40-10017S 1 46.0 46 (Reverse) 
40-15480S 5 48.3 48.2 (Forward 
38-7057I 7 49.6 49.7 (Reverse) 
38-28185I 7-8 49.6-50.3 50.3 (Forward) 
40-39693S 8-9 50.3-51.0 50.5 (Reverse) 
40-39693I 9 51.0 50.8 (Forward) 
*Annealing temperature (Tm) of the primer within the primer set that is the lower 
of the two. If the reverse has 46C and the forward has an annealing temperature 
of 49.3C, the tubes were positioned to experience the lower of the two, or 46C.  
 
 The resulting bands developed by gel electrophoresis are presented in 
Table 3.3.5. Photographs of the gels themselves can be found in Appendix A.  
 These gels follow the optimization of the PCR reaction mix and gel 
conditions. All gels contain a 1kb Ladder (N3234L, New England Biolabs, 
Ipswich, MA). Final sets were conducted on 3% MetaPhor gels. They contained 
the same ladder as well as a 20bp Molecular Ruler (#170-8201, Bio-Rad 
Laboratories, Hercules, CA).  
Results 
No clear evidence of polymorphism was apparent on the gels. The 1% 
SeaChem agarose gels produced blurry and faint bands. A 3% MetaPhor 
agarose gel and a longer electrophoresis system were employed to increase 
resolution. These high density gels failed to produce clear results. Two primer 
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pair sets, 40-15840S and 38-28185I, which showed possible potential over 
several reaction mixes, were chosen to be reordered as fluorescently labeled 
primers for use in capillary electrophoresis. The primer sets were modified on the 
5’ end with 6-FAM via N-hydroxysuccinimide esterification on the 
oligonucleotide’s phosphate group.  Using an ABI Prism 3130 Genetic Analyzer, 
the amplified samples were combined with a LIZ labeled internal size standard 
and highly deionized formamide at the Forensic DNA Profiling Facility at Florida 
International University.   
The preliminary results for the STR primer show homozygous and 
heterozygous peaks across a small range of sizes, from 82-97 bases. These 
sizes correlate with the sequence data and the range of sizes seen in the 
different assemblies (see Table 3.2.1). In each electropherogram, there is 
pronounced stutter or artifacts. These were determined not to be allele peaks 
because their heights were less than 10% of the dominant peak or peaks.  
  There is no relationship information available on the samples used for this 
project. Further studies into the STR primer set should include known parents 
and offspring to determine if this locus is inherited via Mendelian genetics.  The 
electropherograms for this primer set can be found in Appendix E. Preliminary 
results for the ISSR primer set contained many more peaks that were expected 
from the agarose gels. They will require more work in future studies to make 
them legible.
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TABLE 3.3.5: RESULTS OF SINGLEPLEX PCR BY AGAROSE GEL ELECTROPHORESIS  
Reaction mix S1 S4                     S5 
Tm Primers Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 
  78-82 83-87 88-92 93-97 98-102 103-107 108-112 113-117 
47.6
5 
40-
10017S 
~300F None None 75-300S None ~250F None None 
51.0 40-
39693I 
None 250V 200V 50-300S PD 375 None 250V, 
400V 
48.2
5 
40-
15840S 
None 83 & 85: 
100-200S 
~100: 88, 
89, 91, 92
75-150FS None None None None 
52.0 40-
39693S 
None 83 & 85 
250-300S 
84, 86, 
87: 350F 
300S: 88, 
89, 91, 92
300S ~300F None ~800-
1000FV 
100S, 
250 
49.8 38-
7057I 
~100V 83:250S 
84, 85,  
~50-
250S: 89, 
91, 92 
75-200VS None None ~1000F
V 
~300 
50.8 38-
28185I 
75-
350S  
50-300S 45-250V: 
88, 89, 
91, 92. C! 
50-300VS ~150F None ~1000F 200-
300VS 
F: Faint. V: Variable. S: Smear. PD: Only presumed primer dimers present. C!: possible contamination indicated by 
banding in PCR blank. 
Table Continues on next page* 
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TABLE 3.3.5: RESULTS OF SINGLEPLEX PCR BY AGAROSE GEL ELECTROPHORESIS (CONTINUED) 
Reaction mix  S5 S4 S12 
Tm Primers Set 9 Set 10 Set 11 Set 12 Set 13 
  118-122 123-127 128-132 133-137 138-142 
47.65 40-10017S v ~150F None None - 
51.0 40-39693I PD 50PD, 
~200 
50-300FS None - 
48.25 40-15840S None None None None None 
52.0 40-39693S 275 ~250: 
123, 126, 
127 
None None None 
49.8 38-7057I None None None ~150 - 
50.8 38-28185I 75F, 
250F, 
1000F 
None None 50-300S - 
F: Faint. V: Variable. S: Smear. PD: Only presumed primer dimers present. C!: possible contamination indicated by 
banding in PCR blank
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4. MITOCHONDRIAL GENOME 
4.1 ASSEMBLY 
 My results were assembled by mapping Chrysomya pacifica contigs to 
published C. megacephala mitochondrial genomes JX913738 and JX913739 
(Nelson et al. 2012). Both were made available from the research performed by 
Nelson et al.  (2012). Using JX913738, which I will refer to as Mega1 in the 
results, I created an alignment in CLC with each of the suspected contigs. I did 
the same with JX913739, which I will refer to as Mega2. Although a few 
conflicting bases were evident, they contained the coding region and short 
intergenic non-coding regions of the mitochondrial genome. They did not have 
the variable region. Also called the D-Loop or the Control Region, there is a 
string of bases that vary between members of the same species. The rest of the 
genome is highly conserved within species (Russell, 2006).  
 Using CLC, I used the individual assemblies to create internal BLAST 
databases in order to “Reverse-BLAST” the published genome against the 
contigs. The program BLAST normally works by having a database of known 
sequences that you search with your unknown sequence. The Reverse-BLAST 
uses the known sequence to find similar sequences within the hundreds of 
thousands of sequences. I used adjusted parameters to allow for less than 
perfect identity which was the initial issue with simply searching the sequences. 
The results of each Reverse-BLAST showed the sequences and how they 
aligned with Mega1 and later Mega2. It also showed where point differences 
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occurred. I manually assembled the few contigs into the mitochondrial genome 
using the coding information. Chrysomya pacifica does not have any published 
genome information. The only published sequence data is that of the cytochrome 
oxidase subunit 1 used in mitochondrial DNA barcoding, as seen on 
BOLDSystems.org (Ratnasingham & Hebert, 2007). I present in Appendix B the 
full annotated mitochondrial genome for C. pacifica. In Appendix C, a comparison 
of C. pacifica, Mega1, and Mega2 with translational divergences can be found. 
Table 4.1.1 below shows the order of the coding sequences found in the C. 
pacifica mitochondrial genome.  
TABLE 4.1.1: CODING SEQUENCES WITHIN THE CHRYSOMYA PACIFICA MITOCHONDRIAL 
GENOME 
Start  Strand Type Name  Anticodon  
1..66 3 + 4 tRNA Ile Isoleucine 31..33 (gat) 5 
136..71 - tRNA Gln Glutamine 109..107 (ttg) 
148..213 + tRNA Met Methionine 178..180 (cat) 
217..>1231 + CDS ND2 NADH Dehydrogenase subunit 21 
1232..1299 + tRNA Trp Tryptophan 1262..1264 (tca) 
1355..1292 - tRNA Cys Cysteine 1324..1326 (gca) 
1429..1363 + tRNA Tyr Tyrosine 1396..1398 (gta) 
<1428..>2961 + CDS COX1 Cytochrome Oxidase Subunit 112 
2962..3027 + tRNA Leu Leucine 2991..2993 (taa) 
3033..>3420 + CDS COX2 Cytochrome Oxidase Subunit 21 
3721..3791 + tRNA Lys Lysine 3751..3753 (ctt) 
3791..3857 + tRNA Asp Aspartate 3822..3824 (gtc) 
3858..4022 + CDS ATP8 ATP Synthase F0 Subunit 8 
4016..4693 + CDS ATP6 ATP Synthase F0 Subunit 6  
4698..5486 + CDS COX3 Cytochrome Oxidase Subunit 3 
5493..5557 + tRNA Gly Glycine 5523..5525 (tcc) 
5558..5911 + CDS ND3 NADH Dehydrogenase subunit 3 
5914..5978 + tRNA Ala Alanine 5943..5945 (tgc) 
5978..6041 + tRNA Arg Arginine 6007..6009 (tcg) 
6048..6113 + tRNA Asn Asparagine 6078..6080 (gtt) 
6114..6181 + tRNA Ser Serine 6139..6141(gct) 
6183..6249 + tRNA Glu Glutamate 6213..6215 (ttc) 
6334..6268 - tRNA Phe Phenylalanine 6302..6300 (gaa) 
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8054..>6334  - CDS ND5 NADH Dehydrogenase Subunit 51 
8134..8070 - tRNA His Histidine 8104..8012 (gtg) 
9473..>8135 - CDS ND4 NADH Dehydrogenase Subunit 41 
9763..9467 - CDS ND4L NADH Dehydrogenase Subunit 4L 
9766..9830 + tRNA Thr Threonine 9796..9798 (tgt) 
9896..9831 - tRNA Pro Proline 9866..9864 (tgg) 
9899..10423 + CDS ND6 NADH Dehydrogenase Subunit 6 
10423..>11557 + CDS CYTB Cytochrome Oxidase B*  
11558..11325 + tRNA Ser Serine 11588..11590 (tga)
12580..11642 - CDS ND1 NADH Dehydrogenase Subunit 1 
12655..12591 - tRNA Leu Leucine 12626..12624 (tag)
13984..12656 - rRNA 16s 16s large ribosomal RNA  
14056..13985 - tRNA Val Valine 14023..14021 
(tac) 
14840..14057 - rRNA 12s 12s small ribosomal RNA  
14841..15716 + Misc.  Variable Region  
1: TAA stop codon is completed by 3' adenylation of mRNA. 2: Nontraditional Start Codon. 3: Position number reflects 
Isoleucine as the first coding sequence. However, these numbers are technically arbitrary given that mitochondrial DNA is 
circular.  4: A positive sign (+) indicates that the coding sequence is on the strand complementary to sequence on the 
negative (-) strand. These indications are again, arbitrary but consistent.  5: The anticodon sequence located at the 
indicated position is presented within parentheses.  
 
To confirm that this assembly was accurate, I used several open source 
web servers as well as CLC Genomics Workbench analyses for proteins, RNA, 
and nucleotides. 
4.2 CLC GENOMICS WORKBENCH ANALYSIS  
 Once aligned to Mega1 and Mega2, it was easy to see where bases 
differed between the species and where insertions or deletions (indels) occurred. 
The published genomes contained annotations for coding regions, tRNAs and 
rRNAs. These coding regions of the two published mitochondrial genomes were 
then copied to the C. pacifica genome. To ensure that the genes and RNAs 
translated and folded in the same way in both species, I applied different tools to 
each part of the sequences.  An alignment of both reference genomes and the C. 
pacifica genome can be found in Appendix C. 
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For the genes or CDS (Coding DNA Sequence), the sequence was 
translated in every possible reading frame using the amino acid code for 
invertebrate mitochondria. The published annotation for Mega1 and Mega2 were 
used as references. The C. pacifica and both of the C. megacephala 
mitochondrial genomes translated in the same reading frame for every CDS, 
meaning that for all six reading frames (+1, +2, +3, -1, -2, -3), only one reading 
frame did not contain stop codons in the middle of the sequence. In some 
instances no stop codon was detected. This stop codon can be resolved during 
transcription when the addition of a poly-A tail can occur (Nelson et al., 2012; 
Slomovic, et al., 2006) which can turn a terminal cytosine into the stop codon 
CAA.  In some cases, a methionine does not start the translation. In these cases, 
an isoleucine or a serine acts as the start codon. The alternative start amino 
acids are also seen in the published mitochondrial genomes (Nelson et al., 2012; 
Slomovic, et al., 2006).  
In five of the CDS regions, the differences in nucleotide sequence caused 
a change in the amino acid. The majority of the conflicts between C. pacifica and 
the published C. megacephala data were silent changes that did not result in 
amino acid changes. For these five genes, ND1, ND5, ND4, CYTB, and COX1, 
protein analysis tools provided in the CLC software were employed.  A table of all 
base differences between C. pacifica and the two C. megacephala references 
can be found in Table 4.2.1. Very few base differences result in a changed amino 
acid, indicated in the column labeled “AA Change.” Since Mega1 and Mega2 
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differ from one another, both are considered here. Also, the eight changes or 
replacements that occur do not distinguish C. pacifica from the C. megacephala. 
Of the 108 differences listed in Table 4.2.1, only 18 are unique to C. pacifica and 
all of them are silent.  The region labeled trnL for leucine that does not occur 
within the C. pacifica genome will be discussed later. Those base differences 
within the region designated “VR” are within the non-coding variable region that 
occurs between the 12s rRNA and the Leucine tRNA at position 1 when the 
genome is in its natural, circular formation.  
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TABLE 4.2.1: COMPARISON OF BASE DIFFERENCES BETWEEN C. PACIFICA AND TWO C. MEGACEPHALA REFERENCE GENOMES.  
 
Pos-
ition 
Mega1 Pacifica Mega2 CDS AA  
396 T T C ND2  
519 G A G ND2  
549 T T C ND2  
891 C C T ND2  
1356 - - C INT  
1360 G G A INT  
1474 T T C COX1  
1785 G A G COX1  
2070 T T C COX1  
2085 T C T COX1  
2115 T C C COX1  
2214 A G G COX1  
2241 G G A COX1  
2641 A A G COX1 S S G 
2646 G G A COX1  
3235 C C T COX2  
3429 C C T COX2  
3892 T T C ATP8  
3984 T T C ATP8  
4034 T T C ATP6  
4205 T T C ATP6  
4286 C T C ATP6  
4920 C T C COX3  
4953 C C T COX3  
5040 A A G COX3  
5298 G A A COX3  
5783 T A A ND3       
6046 T - - INT  
6239 T - - trnE  
6357 G A A ND5  
6498 A A G ND5  
6665 C C A ND5 V V L 
6666 C C T ND5 V V L 
6844 A G G ND5 F S S  
6855 G A A ND5  
6918 G G A ND5  
7125 C C T ND5  
7233 A A T ND5  
7476 T T C ND5  
7743 T T C ND5  
7770 C C T ND5  
7845 G G A ND5  
8018 A G G ND5  
8188 A G G ND4  
8247 C T T ND4  
8316 T C C ND4  
8385 T T C ND4  
8388 C C T ND4  
8472 T T C ND4  
8535 T T C ND4  
8592 T T C ND4  
8706 T T C ND4  
8745 C C T ND4  
8775 C T T ND4  
8783 C C T ND4  
8786 C C T ND4  
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8877 A G A ND4  
8949 G A A ND4  
9006 T T A ND4  
9174 C C T ND4  
9312 A A G ND4  
9342 A G G ND4  
9384 T T C ND4  
9425 A G G ND4 Y H H  
10033 A A G ND6  
10180 T C T ND6  
10274 T T C ND6  
10638 C T C CYTB  
10754 A T T CYTB Y F F  
10821 C C T CYTB  
10905 C C T CYTB  
10917 A G A CYTB  
10956 C T T CYTB  
11097 T T C CYTB  
11202 A A G CYTB  
11211 T A T CYTB  
11289 A G G CYTB  
11314 C C T CYTB  
11358 T C T CYTB  
11431 C T T CYTB  
11433 G G A CYTB  
11497 G G A CYTB V V I 
11514 C C T CYTB  
11657 C C T ND1  
11756 C C T ND1  
11795 C A A ND1  
11891 T T C ND1  
11963 T T C ND1  
12028 A C C ND1 S A A  
12320 T T C ND1  
12760 G - G 16s  
12844 C T T 16s  
13273 C A C 16s  
13534 C T T 16s  
13737 C T T 16s  
14306 C T T 12s  
14307 A C C 12s  
14522 C T T 12s  
14849 A C C INT  
14935-  
15003 
-  trnL2 NOT in 
pacifica
15059 T T C VR  
15094 C C T VR  
15103 T C T VR  
15128 A G A VR  
15139 C C T VR  
15167 C T C VR  
15182 T C T VR  
15194 C C T VR  
15698 - C A VR  
15749 - A G VR  
INT: Intergenic. 
VR: Variable Region
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 CLC Protein Analysis 
  For the five gene coding regions that are different from the reference 
genomes, I employed the protein analysis tools offered in CLC Genomics 
Workbench. The genes- ND1, ND4, ND5, CYTB, and COX1 were translated 
using CLC to simulate a protein product. Each protein was assessed on the basis 
of its translated sequence, hydrophobicity, charge, protein domains, and 
transmembrane predictions 
Translation 
 Invertebrate mitochondrial RNA is translated using a slightly different 
amino acid code. In the invertebrate mitochondrial translation code there are two 
traditional stop codons: UAA and UAG. Five of the thirteen proteins coded in the 
genome require modification to the mRNA to achieve a stop codon. By the 
addition of a poly(A) tail, a terminal U or UA can become UAA and successfully 
stop translation (Slomovic et al., 2006).  
Sequences are started by both methionine and isoleucine. This indicates 
that only the first two letters of the codon are important because methionine is 
AUA and AUG and isoleucine is AUU and AUC. The cytochrome oxidase subunit 
1 begins with a serine. A study on seven beetle species’ COX1 gene shows that 
the translation product begins with several non-traditional start codons (Sheffield 
et al., 2008). They found that within the Coleoptera order, leucine, arginine, 
44 
 
asparagine, glutamate, lysine, and isoleucine act as start codons. In the case of 
C. pacifica, the start codon is a serine.  
During translation, all open reading frames were considered. The 
differences in sequence between C. pacifica and the C. megacephala references 
did not result in any frame shifts.  
Hydrophobicity 
 I searched the five proteins in question for stretches of hydrophobic amino 
acid residues.  The plots are shown below in Figure 6.2.1. Each plot is an overlay 
of all three mitochondrial genomes. The blue line is hydrophobicity of the amino 
acids as a function of position within the C. pacifica sequence. Any deviations 
from this line caused by the difference in amino acid sequence are visible as a 
green line (Mega1) or a red line (Mega2). The hydrophobicity charts showed 
minimal changes across all three genomes for the five proteins (Figure 6.2.1a-e).  
Hydrophobic stretches of the poly peptides form beta strands and are conducive 
to residing within a lipid bi-layer membrane. These proteins are a part of the 
respiration pathway within the mitochondrion. This pathway uses a proton 
gradient across the membrane of the cristae to produce cellular power in the 
form of ATP (Nicholls, 1974). 
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FIGURE 4.2.1: HYDROPHOBICITY OVERLAYS OF C. PACIFICA, MEGA1, AND MEGA2 
a) 
 b) 
 
c) 
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 d) 
 
e)
 
Hydrophobicity plots for a) ND1, b) ND4, c) ND5, d) CYTB, and e) COX1. Y axis 
is a hydrophobicity scale and X axis is the amino acid position within the protein.  
Chrysomya pacifica is blue, Mega1 is green, and Mega2 is red.  
 
Charge  
The change in the amino acid sequence did result in a minor change in 
the overall charge of the transcribed protein. The change in charge, however, 
only occurs outside physiological pH in the acidic and basic extremes (Llopis et 
al., 1998)   
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Transmembrane Helix Prediction 
To identify the transmembrane regions of proteins, CLC connects to the 
Center for Biological Sequence Analysis website to use the TMHMM Server 
version 2.0 (Moller et al., 2002). This website locates helix  and beta strand 
structures inferred by the amino acid sequence to predict where transmembrane 
proteins would pass through the hydrophobic inside of the lipid bi-layer. 
Hydrophilic spans of the amino acid sequences are labeled as either inside or 
outside the membrane. This analysis was performed on ND1, ND4, ND5, CYTB, 
and COX1 to see if the translational differences between C. pacifica and the two 
C. megacephala cause a change in the transmembrane structure of the final, 
three dimensional protein. A change in this structure could mean a change in the 
mitochondrion’s ability to perform respiration. It was determined that the change 
in amino acid did not prevent the three NADH dehydrogenase subunits, the 
cytochrome oxidase B, nor the cytochrome oxidase subunit 1 proteins from 
spanning the membrane in a similar way as found in the other organisms. 
Pfam 
 Using the Protein Family database Pfam, (version 27), I performed an 
analysis on these five proteins to assess if changes in the amino acid structure 
affected any protein domains. Hidden Markov Model profiles for available protein 
sequences were compared to my submitted proteins. All five sequences returned 
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identical Pfam domains as the C. megacephala reference. See Table 6.2.2 for 
domains. The Mega2 reference genome only differed once with the C. pacifica 
genome within these five proteins. Therefore, it is only shown on the Pfam table 
for the cytochrome oxidase subunit 1 protein domains. The amino acid 
differences between the references and the novel genome did not occur in any of 
these domains. It is consequently assumed that the amino acid differences do 
not affect the activity of the protein.   
tRNA and rRNA Folding Parameters 
 There are several different functions that RNA provides within the cell. The 
ribosomal RNA (rRNA) is the structure within which messenger RNA (mRNA) is 
translated and the transfer RNA (tRNA) provides amino acids. This  process 
produces a polypeptide chain, the most basic form of a protein.  Found in 
Appendix D, I have assessed each tRNA sequence for a balance between the 
lowest free energy structure and a useful structure. The decision to proceed with 
a higher free energy form determined from the reference genomes and visual 
inspection using CLC Genomics Workbench. Only one tRNA, glutamate, differed 
between C. megacephala reference genomes and the C. pacifica genome. The 
reference genome designated Mega1 has a thymine at position 6239 where 
Mega2 and C. pacifica do not.  The insertion/deletion (indel) does not affect the 
hairpin loop responsible for acting as the anticodon.   
The ribosomal RNA (rRNA) folding was much harder to determine. The 
long and short rRNAs, or 16s and 12s, respectively, are much more complex 
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than the tRNAs. The published reference genomes lack  information on RNA 
structure. A comparison of the output from CLC Genomics Workbench and other 
open source programs can be found in the next section. 
 
4.3 OPEN SOURCE ANALYSIS  
The assembled mitochondrial genome for C. pacifica was submitted to the 
MITOS Webserver (http://mitos.bioinf.uni-leipzig.de/index.py). MITOS uses 
BLASTX searches for varying lengths and positions within the submitted 
mitochondrial genome (Bernt et al., 2013). MITOS generated a table containing 
each CDS, tRNA, and rRNA with their corresponding position within the 
mitochondrial genome, which strand they code from, and the secondary 
structures of the RNAs. For several of these features, the position (and therefore 
the sequence) differed from that of the published data. MITOS was consistent, 
however, with its annotation. I submitted both Mega1 and Mega2 and the results 
were consistent with the C. pacifica mitochondrial genome rather than the 
published annotations. Below are the lengths given for each annotation for the 
three submitted genomes. The three columns under the MITOS header contain 
the output data from their webserver. The two under the GenBank header are the 
reference genomes whose annotations reflect published data. The CLC header 
contains the C. pacifica genome that was annotated by aligning it to the 
GenBank genomes.  
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TABLE 4.2.2: PROTEIN DOMAINS FOR ND1, ND4, ND5, CYTB, COX1 
Organism CDS Domain Position Accession Score E-value Description 
Pacifica ND1 NADHdh 5..306 PF00146.16 421.5 1.60E-126 NADH dehydrogenase 
Mega1 ND1 NADHdh 5..306 PF00146.16 420.6 3.10E-126 NADH dehydrogenase 
Pacifica ND4 Oxidored_q1 106..373 PF00361.15 241.3 1.10E-71 NADH- Ubiquinone 
/plastoquin one (complex 1), 
various chains 
Oxidored_q5_N 1..103 PF0159.12 76.4 1.40E-21 NADH- ubiquinone 
oxidoreductase chain 4, 
amino terminus 
Mega1 
 
ND4 
 
Oxidored_q1 106..373 PF00361.15 241.2 1.10E-71 NADH- Ubiquinone 
/plastoquin one (complex 1), 
various chains 
Oxidored_q5_N 1..103 PF0159.12 75.7 2.20E-21 NADH- ubiquinone 
oxidoreductase chain 4, 
amino terminus 
Pacifica ND5 Oxidored_q1 102..366 PF00361.15 257.4 1.30E-76 NADH- Ubiquinone 
/plastoquin one (complex 1), 
various chains 
NADH5_C 389..570 PF06455.6 217.7 7.00E-65 NADH dehydrogenase 
subunit 5 C-terminus 
Oxidored_q1_N 29..91 PF00662.15 55.9 2.20E-15 NADH- ubiquinone 
oxidoreductase chain 5, 
amino terminus 
Mega1 ND5 Oxidored_q1 102..366 PF00361.15 257.1 1.50E-76 NADH- Ubiquinone 
/plastoquin one (complex 1), 
various chains 
NADH5_C 389..570 PF06455.6 216.4 1.80E-64 NADH dehydrogenase 
subunit 5 C-terminus 
Oxidored_q1_N 29..91 PF00662.15 55.9 2.20E-15 NADH- ubiquinone 
oxidoreductase chain 5, 
amino terminus 
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Mega2 ND5 Oxidored_q1 102..366 PF00361.15 257.4 1.30E-76 NADH-Ubiquinone 
/plastoquinone (complex I), 
various chains 
NADH5_C 389..570 PF06455.6 218 6.00E-65 NADH dehydrogenase 
subunit 5 C-terminus 
Oxidored_q1_N 29..91 PF00662.15 55. 2.20E-15 NADH-Ubiquinone 
oxidoreductase (complex I), 
chain 5 N-terminus 
Pacifica 
 
CYTB 
 
Cytochrom_B_N_2 89..254 PF13631.1 200.3 1.80E-59 Cytochrome b(N-
Terminal)/b6/petB 
Cytochrom_B_C 259..360 PF00032.12 140.7 1.50E-41 Cytochrome b(C-
Terminal)/b6/petB 
Mega1 
 
CYTB 
 
Cytochrom_B_N_2 89..254 PF13631.1 202.4 4.00E-60 Cytochrome b(N-
Terminal)/b6/petB 
Cytochrom_B_C 259..360 PF00032.12 140.7 1.50E-41 Cytochrome b(C-
Terminal)/b6/petB 
Mega2 
 
CYTB 
 
Cytochrom_B_N_2 89..254 PF13631.1 200.3 1.80E-59 Cytochrome b(N-
Terminal)/b6/petB 
Cytochrom_B_C 259..360 PF00032.12 140.7 1.50E-41 Cytochrome b(C-
Terminal)/b6/petB 
Pacifica COX1 COX1 9..458 PF00115.15 565.8 5.30E-170 Cytochrom C and Quinol 
oxidase polypeptide I 
Mega1 COX1 COX1 9..458 PF00115.15 565.8 5.30E-170 Cytochrom C and Quinol 
oxidase polypeptide I 
Mega2 COX1 COX1 9..458 PF00115.15 564.4 1.40E-169 Cytochrom C and Quinol 
oxidase polypeptide I 
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TABLE 4.3.1: COMPARISON OF CODING REGION LENGTHS IN MITOS, PUBLISHED C. 
MEGACEPHALA GENOMES, AND C. PACIFICA 
 MITOS CLC GenBank 
Name Pac Mega1 Mega2 Pac Mega1 Mega2 
trnI(gat) 66 66 66 66 66 66 
trnQ(ttg) 69 69 69 69 69 69 
trnM(cat) 69 69 69 69 69 69 
nad2-0 882 882 882 1015 1015 1015 
nad2-1 18 18 18 -   
trnW(tca) 68 68 68 68 68 64 
trnC(gca) 64 64 64 64 64 64 
trnY(gta) 67 67 67 67 67 67 
cox1 1509 1509 1509 1534 1534 1534 
trnL2(taa) 66 66 66 66 66 66 
cox2 672 672 672 688 688 688 
trnK(ctt) 70 70 70 70 70 70 
trnD(gtc) 67 67 67 67 67 67 
atp8 162 162 162 165 165 165 
atp6 666 666 666 678 678 678 
cox3 783 783 783 789 789 789 
trnG(tcc) 65 65 65 65 65 65 
nad3 348 348 348 355 355 355 
trnA(tgc) 64 64 64 65 65 65 
trnR(tcg) 64 64 64 64 64 64 
trnN(gtt) 66 66 66 66 66 66 
trnS1(gct) 68 68 68 70 70 70 
trnE(ttc) 67 68 67 67 68 67 
trnF(gaa) 67 67 67 67 67 67 
nad5-0 1695 1695 1695 1720 1720 1720 
trnH(gtg) 65 65 65 65 65 65 
nad4 1332 1332 1332 1339 1339 1339 
nad4l 261 261 261 297 297 297 
trnT(tgt) 65 65 65 65 65 65 
trnP(tgg) 66 66 66 66 66 66 
nad6 498 498 498 525 525 525 
cytb 1125 1125 1125 1134 1134  
trnS2(tga) 68 68 68 68 68 68 
nad1 909 909 909 939 939 939 
trnL1(tag) 65 65 65 65 65 65 
16s 1363 1364 1364 1329 1330 1329 
trnV(tac) 72 72 72 72 72 72 
12s 786 786 786 784 784 784 
nad5-2 333 66 66 - - - 
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TABLE 4.3.2: COMPARISON OF THE POSITIONS AND LENGTHS OF C. PACIFICA CODING 
REGIONS BETWEEN MITOS AND CLC 
 MITOS CLC 
Name Start Stop Length Start Stop Length 
trnI(gat) 1 66 66 1 66 66 
trnQ(ttg) 71 139 69 71 139 69 
trnM(cat) 148 216 69 148 216 69 
nad2-0 241 1122 882 217 1231 1015 
nad2-1 1164 1181 18 - - - 
trnW(tca) 1232 1299 68 1232 1299 68 
trnC(gca) 1292 1355 64 1292 1355 64 
trnY(gta) 1363 1429 67 1363 1429 67 
cox1 1434 2942 1509 1428 2961 1534 
trnL2(taa) 2962 3027 66 2962 3027 66 
cox2 3033 3704 672 3033 3720 688 
trnK(ctt) 3721 3790 70 3721 3791 71 
trnD(gtc) 3791 3857 67 3791 3857 67 
atp8 3858 4019 162 3858 4022 165 
atp6 4019 4684 666 4019 4693 678 
cox3 4698 5480 783 4698 5486 789 
trnG(tcc) 5493 5557 65 5493 5557 65 
nad3 5558 5905 348 5558 5911 355 
trnA(tgc) 5914 5977 64 5914 5978 65 
trnR(tcg) 5978 6041 64 5978 6041 64 
trnN(gtt) 6048 6113 66 6048 6113 66 
trnS1(gct) 6114 6181 68 6113 6182 68 
trnE(ttc) 6183 6249 67 6183 6249 67 
trnF(gaa) 6268 6334 67 6268 6334 67 
nad5-0 6351 8045 1695 6334 8045 1720 
trnH(gtg) 8070 8134 65 8070 8134 65 
nad4 8142 9473 1332 8135 9473 1339 
nad4l 9470 9730 261 9470 9730 261 
trnT(tgt) 9766 9830 65 9766 9830 65 
trnP(tgg) 9831 9896 66 9831 9896 66 
nad6 9911 10408 498 9899 10423 525 
cob 10423 11547 1125 10423 11557 1125 
trnS2(tga) 11558 11625 68 11558 11625 68 
nad1 11663 12571 909 11642 12580 939 
trnL1(tag) 12591 12655 65 12591 12655 65 
rrnL 12624 13986 1363 12656 13984 1329 
trnV(tac) 13985 14056 72 13985 14056 72 
rrnS 14055 14840 786 14057 14840 784 
nad5-2 15362 15694 333 - - - 
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In the case of ND2 and ND5, the open source software determined the 
CDS were split. Table 4.3.1 shows the differences in position determined by 
MITOS and by the Nelson Group (JX913738 and JX913739). Table 4.3.2 shows 
the differences of both length and position for C. pacifica. The webserver 
produces as output a graph of coding region probabilities based on BLASTX 
searches. This MITOS graph, found below, shows the lower probabilities for the 
mistaken spliced CDS. The quality scores show eight of the thirteen genes as 
FIGURE 4.3.1: QUALITY SCORES OF MITOS DESCRIBED CODING REGIONS 
(http://mitos.bioinf.uni-leipzig.de/index.py)  
 
being above 105. One of the genes, ATP8, has a quality score that falls below 
three genes that were not called. MITOS does not offer information on threshold 
limits used in this graph. Both ND2 and ND5’s suggested separate sequences 
are found below a quality score of 10. In addition to this graph, I used information 
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of the translated sequence to determine that the spliced proteins are not realistic. 
I rejected the positions of CDS offered in the MITOS output. 
 The mitochondrial genome is known for its density of coding sequence. In 
some cases, gene sequence boundaries are determined by the level of overlap 
with neighboring genes or RNAs (Sheffield et al., 2008). If the MITOS system 
uses this same reasoning, the RNAs are likely inaccurate as well.  
The difference in start and stop positions in the genes caused there to be 
different translations in the proteins and different folding in the RNAs. The largest 
difference between the CLC data and the MITOS data was the suggested folding 
of the large and small RNA. No reference data exists on how the publishers of 
Mega1 and Mega2 demonstrated RNA folding. Found in Appendix D, I present 
three different folded structures for 16s and 12s rRNA. In addition to the results 
produced by MITOS, I have included predicted secondary structures created by 
the LocARNA webserver (Smith et al., 2010).  LocARNA is made available by the 
Freiburg Bioinformatics Group; it uses Zuker’s mfold algorithm to fold the 
sequences according to a realistic maximum free energy (MFE) conformation 
(Smith et al., 2010). The article published in Molecular Phylogenetics and 
Evolution by Bernt and his peers in which MITOS is presented as a novel 
software option fails to explain its folding parameters (2013). Only CLC, which 
also uses Zuker’s mfold algorithm, offered any information on what the folding 
energy was, which can be found in Appendix D (CLC Manual).  
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4.4 PHYLOGENETICS 
Phylogenetic analyses were performed using sequencing data from both 
C. megacephala reference genomes, C. pacifica produced within this project and 
publically available sequencing data from other calliphorid species. Traditionally, 
the cytochrome oxidase subunits have been used to monitor evolution, because 
the rate of mutation in this section of the mitochondrial genome tends to be 
consistent (Brower, 1994).  Bold Systems has created a database that houses 
information primarily on cytochrome oxidase subunit I for all available species; 
the region is considered the “Barcode of Life” (Ratnasingham & Hebert, 2007). In 
the last year alone, the site has had over 675,000 sequences uploaded 
(boldsystems.org). The region, however, may not offer universal genetic 
evolutionary information for the calliphorid family (Nelson et al., 2012). Indeed, a 
pairwise comparison generated in CLC proves that cytochrome oxidase subunit 1 
(1533b) differs from pairwise comparisons generated with whole mitochondrial 
genome data. These comparisons were made using the four C. megacephala 
specimens and two C. pacifica sequenced for this project. Additionally, I added 
publically available sequencing data from seven species of Chrysomya flies: C. 
bezziana, C. albiceps, C. putoria, C. pinguis, C. saffranea, C. rufifacies, and the 
C. megacephala mitochondrial genomes referred to as Mega1 and Mega2. 
Finally, as out-groups, I also included Lucilia sericata and Cochliomyia 
hominivorax. The publically available genomes are listed in Table 4.4.1.  
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TABLE 4.4.1: SOURCES OF SPECIES AND SPECIMENS USED IN PHYLOGENETIC ANALYSES 
Species Accession Source 
Chrysomya albiceps JX913736 Nelson et al. 2012 
Chrysomya bezziana JX913737 Nelson et al., 2012 
Chrysomya 
megacephala1 
JX913738 Nelson et al., 2012 
Chrysomya 
megacephala2 
JX913739 Nelson et al., 2012 
Chrysomya rufifacies JX913740 Nelson et al., 2012 
Chrysomya saffranea JX913742 Nelson et al., 2012 
Chrysomya pinguis KM244730 Yan et al., 2014 
Chrysomya putoria AF352790  Junqueria et al., 2001 
Lucilia sericata AJ422212 Stevens et al., 2008 
Cochliomyia 
hominivorax 
AF260826 
 
Lessinger et al., 2000 
 
The CLC software defines the pairwise parameters as the following. 
“Gaps: Calculates the number of alignment positions where one sequence has a 
gap and the other does not. Differences: Calculates the number of alignment 
positions where one sequence is different from the other. This includes gap 
differences as in the Gaps comparison. Distance: Calculates the Jukes-Cantor 
distance between the two sequences. This number is given as the Jukes-Cantor 
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correction of the proportion between identical and overlapping alignment 
positions between the two sequences. Percent identity: Calculates the 
percentage of identical residues in alignment positions to overlapping alignment 
positions between the two sequences” (CLC Manual). Figures 4.4.1 and 4.4.2 
show the Distance between each listed species is consistent when looking at 
either COX1 or the entire mitochondrial genome. This same trend extends to 
Differences as well. The Gap pairwise comparisons, Figures 4.4.3 and 4.4.4 are 
skewed by the differences in sequence length between the genome and one of 
its genes. One of the C. megacephala assemblies, 43, has a patch of sequence 
that is of particular low quality, causing eight noncontiguous bases to be missing. 
The biggest difference between the BOLD sequence and the whole genome data 
lies within the Percent Identity pairwise comparison. The comparison using only 
the whole mitochondrial genome shows only two species who share a very high 
Percent Identity value of 98.74%: Mega2 and C. saffranea. That same value cut-
off for the comparison made with only the cytochrome oxidase subunit 1 data 
includes the first eight listed species.   By assessing whole mitochondrial 
genomic sequencing data, instead of just the COX1 gene, a greater level of 
distinction can be made when using the Percent Identity tool. To further clarify 
the added potential of using whole mitochondrial genomic information,  Figure 
4.4.5a shows a phylogenetic tree made using only the barcode region while 
Figure 6.4.5b shows one made with the entire genome.  
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FIGURE 6.4.1: PAIRWISE COMPARISON OF 13 CHRYSOMYA FLIES, LUCILIA SERICATA, 
AND COCHLIOMYIA HOMNIVORAX USING THE COX1 GENE FOR DIFFERENCES AND 
DISTANCE 
  
Top: Differences. Bottom: Distance 
 
FIGURE 6.4.2: PAIRWISE COMPARISON OF 13 CHRYSOMYA FLIES, LUCILIA SERICATA, 
AND COCHLIOMYIA HOMNIVORAX USING THE MITOCHONDRIAL GENOME FOR 
DIFFERENCES AND DISTANCE 
 
 Top: Differences. Bottom: Distance 
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FIGURE 6.4.3: PAIRWISE COMPARISON OF 13 CHRYSOMYA FLIES, LUCILIA SERICATA, 
AND COCHLIOMYIA HOMNIVORAX USING THE COX1 GENE FOR GAPS AND PERCENT 
IDENTITY 
 
Top: Gaps. Bottom: Percent Identity. 
 
 
FIGURE 6.4.4: PAIRWISE COMPARISON OF 13 CHRYSOMYA FLIES, LUCILIA SERICATA, 
AND COCHLIOMYIA HOMNIVORAX USING THE MITOCHONDRIAL GENOME FOR GAPS AND 
PERCENT IDENTITY 
 
Top: Gaps. Bottom: Percent Identity. 
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FIGURE 6.4.5: PHYLOGENETIC TREES CREATED FROM A) COX1 AND B) WHOLE 
MITOCHONDRIAL GENOMIC SEQUENCE DATA.  
a) 
 
b)  
 
 
Phylogenetic trees created in CLCbio using Neighbor-Joining which allows for 
varied rates of evolution. Jukes-Cantor algorithm used for nucleotide distance 
determination which assumes equal base frequencies and substitution rates. 
Numbers on branches are inferred lengths. Numbers at nodes are bootstraps 
values.   
  
COX1 
Mitochondrial Genome 
62 
 
The differences between using only a section of the mitochondrial genome and 
using all of it may not be drastic. The more information that can be used in 
analyses, the more accurate the results will be. The NGS technologies afford 
research laboratories the ability to use the whole genome rather than just a few 
parts of it.  
5. CONCLUSION   
The assembly and annotation of a novel mitochondrial genome for 
Chrysomya pacifica provides another piece to the puzzle for entomologists and 
as well as phylogeneticists. As more laboratories access NGS platforms, the 
standard of using only parts of the mitochondrial genome will be replaced by the 
incorporation of the whole genome into taxonomic studies. There is no longer a 
need to develop primers for a few mitochondrial and nuclear genes. The both 
genomes are now easily obtained 
The impact of this study is far reaching. The sequencing data and de novo 
assembly created from four C. megacephala and two C. pacifica can be used in 
future work in many fields. The two sister species offer unique insights into how 
recent evolutionary divergence visible in their phenotypes can affect their 
genotypes. Much can be learned about how pressures from the environmental 
niches each inhabit caused their adaptations. One clear example is that C. 
megacephala has a morphologically distinct compound eye that may be linked its 
very successful adaptation to urban environments. The de novo genome 
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assembly can provide information on how genes that contribute to compound eye 
development differ between the two species.  
The multitude of uses of genomic data and its newfound place in smaller 
research laboratories will have a profound effect on the future of science. Draft 
genomes can be produced in modest studies, and this will cause an explosion of 
information that was impossible with traditional sequencing methods.  
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APPENDIX A 
AGAROSE GEL ELECTROPHORESIS RESULTS 
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40-10017 STR:  
F:GAAGAGCAGAACGAGAAA 
R:ACCTACTACTATCTCTACC 
EST: 93b (AAAT)n 
Tm: 49.7 
40,41,43 :290b 
40-39693 ISSR: 
F:CCAACACAAACAACAACAAC 
R: CTGTTGTGGTTGTTGTTGT 
EST: 234B  AAC 
Tm: 50.5 
40-15840 STR: 
F:CGACTAAAACCTACTTCAAC 
R: CACCCCATCAATTACAAC 
EST: 97b AAC 
Tm: 48.2 
38Pac:82 
43Mega : 94 
40,41,42 : 97b 
40-39693 STR: 
F:TGATGGTGGTGTGTTTTG 
R:AGAAATAAACAGGGCGCA 
EST:290b 
Tm:46 
38:214 
40:239 
41:217 
43:213 
38-7057 ISSR: 
F:GTTGTTGTTGTTGTTGTCC 
R:FAACAACAACAACAACCG 
EST:423b 
Tm: 50.3 
38-28185 ISSR: 
F:CAAGAACAACAACAACAACC 
R:GTTGTTGTTGTTGTTGTTGC 
EST:115b 
Tm:50.8 
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APPENDIX B 
CHRYSOMYA PACIFICA MITOCHONDRIAL GENOME 
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Chrysomya pacifica 
Mitochondrial 
Genome 
15,716bp 
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APPENDIX C 
ALIGNMENT OF C. PACIFICA AND C. MEGACEPHALA GENOMES 
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APPENDIX D 
PROPOSED SECONDARY STRUCTURES OF RNA MOLECULES 
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12s rRNA Chrysomya pacifica 
Source: MITOS (http://mitos.bioinf.uni-
leipzig.de/index.py) 
  
 
 157
16s rRNA C
source: LocA
(http://rna.in
freiburg.de)
 
hrysomya pac
RNa 
formatik.uni-
ifica 
  
 
 
158
 
 
 
 
 
 
 
 
 
Appendix E 
ELECTROPHEROGRAMS FOR STR PRIMER 40-15840
  
 
 
159
  
 
 
160
  
 
 
161
  
 
 
162
  
 
 
163
Sample 
Name  Size
3 Size3
Liz6001 
S01 92.27 92.27
S02 85.67 95.39
S03 85.59 92.30
S04 92.13 
S05 82.51 85.71
S06 92.50 92.50
S07 92.42 95.59
S08 82.53 85.63
S092 
S10 86.25 92.34
S11 85.68 95.39
S12 85.59 92.30
S13 85.71 92.30
S14 92.33 92.33
S15 82.41 85.62
S16 85.68 95.39
S17 85.74 92.49
S182 
15_21 85.78 95.45
S19 92.32 92.32
S20 92.46 95.55
S21 92.47 92.47
S22 85.78 92.45
S23 82.68 85.82
S24 85.72 92.43
S25 92.49 92.49
S262 
 
 
 
 
 
 
 
1:LIZ600 is the capillary 
electrophoresis blank. 
2:S09, S18, and S26 are PCR blanks. 
3:Size in base pairs as determined by 
Genemapper and ABI 3130 Collection 
Software.  
